Basins around the margin of the Puna Plateau in NW Argentina each record the onset over a few hundred thousand years of alluvial-fan facies sedimentation with the deposition of the Punaschotter conglomerates in the late Cenozoic, despite differing tectonic histories. Their striking similarity suggests that these conglomerates might have a common origin, such as the climatically driven coarsening and increase in sedimentation rate proposed to have occurred worldwide at 4-2 Ma. With this contribution, we present new U-Pb geochronology of intercalated ashes that bracket the onset of Punaschotter deposition along the margin of the Puna Plateau in the Fiambalá and El Cajon Basins. Combining this with existing data, we explore the relative roles of climate and tectonics in shaping sedimentation in this region. Our analysis reveals that Punaschotter deposition was diachronous and only occurred if
INTRODUCTION
Global terrigenous sediment accumulation has increased during the past few million years (Zhang et al., 2001) . Because of the apparent lack of recent tectonic activity in many of these areas, the increase in sedimentation rates has been interpreted to refl ect global climate change (Molnar, 2004) . However, recent studies have argued against an increase in worldwide erosion (Willenbring and von Blanckenburg, 2009; Schumer and Jerolmak, 2009) , and questions remain regarding the role of tectonics and climate on erosion and deposition of coarse clastics.
The intermontane basins along the margin of the Puna Plateau in NW Argentina ( Fig. 1) offer an outstanding natural laboratory in which to test the competing infl uences of tectonics and climate on sedimentation. Here, the Punaschotter conglomerates (Penck 1920) , deposited in basins bounding the Puna Plateau and locally within the plateau, are remarkably similar despite their different structural settings. First, they refl ect an abrupt change from a variety of environmental settings (ephemeral braided streams, meandering channels, wetlands, or playa) to debris-fl ow-dominated, proximal alluvial fans (e.g., Bossi et al., 2000; Muruaga, 2001; Carrapa et al., , 2011a Bywater-Reyes et al., 2010) . Second, they are preserved at the top of each stratigraphic section. Finally, previous studies suggested they were deposited simultaneously in late Pliocene-Quaternary time (Allmendinger, 1986; Strecker et al., 1989) , approximately synchronous with globally observed changes in sedimentation. Global climate change at 4-2 Ma could thus be responsible for the appearance of these conglomerates in the stratigraphic record. However, local structural deformation, local climate forcing, or earlier climatic events may be wholly or partly responsible. With this contribution, we explore these relationships using new and existing geochronology, thermochronology, sedimentology, structural geology, and paleoclimate data. Our study shows that the Punaschotter conglomerates were deposited diachronously in different basins and are older than the 4-2 Ma global climate change. We attribute formation of the Punaschotter conglomerates to the occurrence of structural deformation under arid climate conditions-both conditions were necessary for the formation of the conglomerates and were achieved at different times in different basins. both aridity and structural deformation were present. Development of orographic barriers and global climate change may have contributed to establishing regional aridity. In the eastern part of the study region (Santa Maria and Angastaco), onset of Punaschotter deposition tracks the establishment of aridity. In the already arid western basins (Fiambalá, Corral Quemado), a reactivation of structural deformation may have triggered the onset of Punaschotter deposition. Our study shows that initiation of coarse alluvial facies in this part of the Andes largely preceded the 4-2 Ma global climate change and emphasizes the coupled nature of local climate and tectonics in controlling sedimentation. 
GEOLOGIC SETTING
The basins of interest in this study are situated within and along the margin of the southern Puna Plateau in NW Argentina (Fig. 1) . The plateau results from crustal thickening and the migration of an orogenic wedge through the region beginning in the Late Cretaceous-early Cenozoic (Arriagada et al., 2006; Mpodozis et al., 2005) , reaching the eastern ranges in the late Miocene-Pliocene (Coutand et al., 2001; Deeken et al., 2006; Carrapa and DeCelles, 2008; Carrapa et al., 2011a Carrapa et al., , 2011b Echavarria et al., 2003; Reynolds et al., 2000) . Deformation along the southern plateau boundary is more complicated and is reviewed in more detail in the following. In contrast to the Altiplano, which is argued to have experienced signifi cant uplift since 10 Ma (e.g., Garzione et al., 2008) , the Puna Plateau has likely been at an altitude similar to present day (~4000 m) since as early as 38 Ma, based on deuterium ratios in volcanic glass (Canavan et al., 2011) . The plateau can be defi ned as the region of internal drainage, or the contiguous region above 3000 m elevation; these defi nitions yield broadly similar results (Fig. 1) .
The edge of the modern southern Puna Plateau is marked by a number of intermontane, structurally bound, externally drained basins, which include, from southwest to northeast, the Fiambalá, Corral Quemado, El Cajon, Santa Maria, and Angastaco Basins (Fig. 1) . These basins are generally fi lled with Neogene to Quaternary fl uvial and lacustrine sedimentary strata, which have been variably deformed by thrusting along one or both basin-bounding ranges (e.g., Strecker et al., 1989; Coutand et al., 2001; Mortimer et al., 2007; Carrapa et al., , 2011b . Strata within each basin indicate periods of deposition alternating with incision; this observation has been used to argue for lateral growth of the plateau through the incorporation of marginal basins . In this model, orographically produced aridity and continued upwind range uplift lead to the defeat of drainage systems and the formation of internally drained basins, which fi ll with sediment over time, eventually becoming morphologically identical to the plateau. Recent work by the same group, however, has recognized nonsystematic basin fi lling with proximity to the plateau margin, which in addition to modeling of topographic data, indicates the importance of geodynamic processes in creating the modern plateau elevation (Strecker et al., 2009 ). The marginal basins record important tectonic and climatic information and therefore hold the key to understanding the interaction of these processes in the region.
The top of the sedimentary section in each basin is characterized by a distinctive unit, which regionally is called the Punaschotter conglomerate. The Punaschotter in each basin is characterized by medium-to coarse-grained, mainly clast-to locally matrix-supported, moderately to poorly sorted conglomerates with crude horizontal bedding and occasional imbrications (Fig. 2) . These facies are interpreted to represent hyperconcentrated fl ood to debris-fl ow deposits associated with a proximal alluvial-fan environment (e.g., DeCelles et al., 1991) . We take the fi rst stratigraphic appearance of signifi cantly thick (>10 m) alluvial-fan deposits to mark the onset of Punaschotter deposition. Other authors have defi ned the boundary differently based on qualitative geomorphic criteria, lithifi cation, or the presence of an angular unconformity (e.g., Strecker et al., 1989; Muruaga, 2001 ); we have reinterpreted the formation names in these basins to be consistent with our facies defi nition. Collectively, we refer to the conglomerates as the "Punaschotter." When referring to individual basins, we use local formation names, indicating assignment to the Punaschotter (PS) conglomerates parenthetically (e.g., Tortoral Formation [PS]). From our study, we fi nd that most of the contacts between the Punaschotter and underlying formations are transitional, whereas an erosional and/or angular unconformity is only locally observed.
ONSET OF DEPOSITION OF THE PUNASCHOTTER CONGLOMERATES
The timing of onset of deposition of the Punaschotter conglomerate, which is critical to evaluating the competing infl uences of climate and tectonics, has heretofore been poorly constrained. We remedy this by presenting 11 new U-Pb ages of volcanogenic zircons, which constrain this critical boundary in the Fiambalá and El Cajon Basins ( Fig. 1 ; Table 1; Table DR1   1 ). U-Pb geochronology was performed at the University of California at Los Angeles Cameca IMS 1270 ion microprobe facility, following the methods of Schmitt et al. (2003) . We made fi eld observations and constructed sedimentary logs across the base of the Punaschotter in the Fiambalá, El Cajon, Corral Quemado, and Angastaco Basins (Figs. 2 and 3), and we compiled geochronologic-stratigraphic data from new data and published sources (Fig. 4) .
Fiambalá Basin
Six ashes and two ignimbrites were collected from the Fiambalá Basin ( Fig. 3 ; Table 1 ). Five ashes and one ignimbrite were located within the Punaschotter Formation between 50 and 600 m above the base of the unit, ranging in age from 3.66 ± 0.05 Ma to 4.12 ± 0.09. A sixth ash collected from the underlying Guanchin formation is 4.08 ± 0.10 Ma; because the Punaschotter-Guanchin contact is structural in this location, the depth below the boundary cannot be determined. The fi nal sample, an ignimbrite, was collected from near the base of the Guanchin section, which is 7.59 ± 0.20 Ma in age and signifi cantly predates onset of Punaschotter deposition. The six ash samples range in age from 3.9 ± 0.12 (2σ) Ma to 4.12 ± 0.09 (2σ) Ma. It is possible within uncertainty that we have dated a single ash, perhaps reworked higher in the section. Alternatively, assuming a relatively uniform Blue-shaded regions indicate transitional contacts between Punaschotter-type deposits and underlying strata, whereas pink-shaded regions indicate unconformable contacts. Guanchin section (Fig. 2) is noted on Fiambalá map. (C) Illustration of the variation in age of the Punaschotter-Guanchin contact from north to south within the Fiambalá Basin. We use an arbitrary sedimentation rate of 0.8 mm/yr to calculate the age of the contact based on stratigraphic position and ash age for illustration purposes.
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sedimentation rate, the age of the base of the Punaschotter conglomerate may vary nonsystematically from north to south within the basin by as much as several hundred thousand years, depending on sedimentation rate (Fig. 3C) . A third possibility is that this variation refl ects our criteria for defi ning the base of the Punaschotter conglomerate as the fi rst appearance of conglomerate beds thicker than 10 m. The boundary is transitional in places (marked by blue regions in Fig. 3A ) and marked by an unconformity in others (pink regions in Fig. 3A) , indicating overall syndeformational deposition, with deformation localized in the western and central parts of the basin. The cluster of ages close to the Punaschotter contact brackets the onset of deposition to between 3.9 ± 0.06 Ma (youngest ash) and >4.12 ± 0.04 Ma (oldest ash). Additional samples collected from the top of the Punaschotter Table DR2 (see text footnote 1). Rectangles mark bracketed age range of transition. Note general lack of change in sedimentation rate across boundary.
6.34 ± 0.29 Ma) provide corroboration ( Figs. 2 and 4 ; Table DR2 [see footnote 1]; .
Corral Quemado Basin
In the Corral Quemado Basin (Fig. 1) , the key age control comes from a single, prominent, ~2-m-thick ash with remarkable uniformity in composition and thickness throughout the basin, dated using different methods in different locations (see Table DR2 ): 3.66 ± 0.12 Ma with zircon U-Pb (Coutand, 2009, personal commun.) Ar (Latorre et al., 1997) . Although the contact appears to be conformable in the Corral Quemado region, the variation in age of the onset of Punaschotter deposition is similar to that in the Fiambalá Basin. Again, this could refl ect diffi culties in our criteria for picking the onset of Punaschotter deposition or a true difference in the timing of Punaschotter deposition in different parts of the basin. Butler et al. (1984) calculated a uniform sedimentation rate of 0.56 mm/yr across the boundary based on paleomagnetic data despite the change in facies (Fig. 2) . As we do not have enough well-located samples to calculate a sedimentation rate independently, we use this rate in our analysis. In the eastern Puerta del Corral Quemado section, our interpretation of the stratigraphic descriptions indicates that the marker ash is located ~125 m below the base of the Punaschotter (Latorre et al., 1997) . Using the rate of 0.56 mm/yr, the estimated age of the boundary is 3.44 Ma. In the Corral Quemado section in the central basin, according to our observations, the ash is instead located at least 140 m above the base of the Punaschotter, which is not exposed, yielding a preferred age for the boundary of >3.9 Ma. At the Villa Vil section in the northeast, the ash is within the Corral Quemado Formation, which we interpret as Punaschotter because of the proximal alluvial-fan facies, ~90 m above the transition (Muruaga, 2001) . This translates to a preferred age of 3.8 Ma for the boundary. The age of the onset of Punaschotter deposition is therefore constrained to between 3.44 and >3.9 Ma. Two ashes deeper in the section dated using K-Ar (4.95 ± 2.0 Ma, 200 m below contact) and 40 Ar-39 Ar (5.64 ± 0.16 Ma, 320 m below contact) corroborate this age.
El Cajon Basin
In the El Cajon Basin (Figs. 1, 2 , and 3B; Table 1), we collected two closely spaced ashes from the Tortoral Formation (Bossi et al., 2000) , equivalent to the Punaschotter conglomerates, at least 90 m above the base of the unit. These yielded ages of 5.00 ± 0.28 Ma and 5.05 ± 0.20 Ma. In another location, we collected an ash within the underlying fl uvial conglomerate (Bossi et al., 2000) , within a few meters of the unconformable contact, giving an age of 6.93 ± 0.15 Ma. Just as in the Fiambalá Basin, the Tortoral (PS) Formation is conformable with the underlying strata in places, but it is marked by an unconformity in others, indicating syndepositional deformation (Fig. 3B) . Because the base of the section below the Tortoral (PS) ashes is not exposed, and because it is not known how much section was removed at the angular unconformity, the age of the boundary can only be constrained to lie between 5.05 and 6.93 Ma.
Angastaco Basin
The San Felipe Formation in the Angastaco Basin (Fig. 1) is equivalent to the Punaschotter conglomerates. A series of ashes sampled across the Palo Pintado-San Felipe (PS) boundary (Bywater-Reyes et al., 2010) brackets the age of the boundary to between 4.95 Ma and 5.98 Ma (Figs. 2 and 4 ; Table DR2 [see footnote 1]). We note that the boundary between the Palo Pintado and San Felipe formations is transitional at this location (Fig. 2) . Based on a sedimentation rate of 0.14 mm/yr, we propose a preferred age for the boundary in the Angastaco Basin of 5.2 Ma (Table DR2) .
Santa Maria Basin
In the Santa Maria Basin (Fig. 1) , we consider the Corral Quemado Formation to be equivalent to the Punaschotter conglomerate on the basis of the proximal alluvial-fan facies descriptions. Zircon fi ssion-track dating of intercalated ashes from above and below the contact bracket the age to between 2.96 Ma and 3.4 Ma (Table DR2 ; Strecker et al., 1989) .
Summary
The Punaschotter conglomerates are both older than originally thought (late Miocene to Pliocene rather than Quaternary) and were deposited diachronously across the region between 2.96 Ma and 6.93 Ma. Variations in age of up to several hundred thousand years within a single basin (e.g., Fiambalá and Corral Quemado) exist as well ( Fig. 3C ; Table DR2 ). New evidence in the Fiambalá and El Cajon Basins suggests syndeformational deposition (Figs. 3A and 3B) . Further, variations in thicknesses across the area suggest different magnitudes of erosion and deposition (Fig. 2) . Also, our new data combined with existing data show no evidence for a signifi cant change in sedimentation rate accompanying the change in sedimentary facies in either the Corral Quemado (Butler et al., 1984) or Angastaco (BywaterReyes et al., 2010) Basins, where suffi cient data exist to make such an evaluation. These data combine to favor a more complex explanation than solely due to global climate change at 4-2 Ma for the onset of Punaschotter deposition in NW Argentina (e.g., Molnar, 2004) .
CAUSE: LOCAL STRUCTURAL DEFORMATION?
Tectonically driven uplift of the basin-bounding ranges would increase relief and erosion rates in the source regions, possibly leading to changes in sedimentary facies. Exhumation and uplift can be inferred from bedrock or detrital thermochronology or from evidence for deformation within the basin such as angu- Exhumation of basin-bounding ranges mostly preceded deposition of the Punaschotter conglomerate in the region. Apatite fi ssion-track (AFT) thermochronology from bedrock indicates relatively rapid exhumation of the Sierra de Fiambalá NE of the Fiambalá Basin between 24 Ma and 13 Ma . Intrabasin deformation and exhumation are also evident at the time of Punaschotter deposition, around 4 Ma ; this study). The Chango Real range north of the Corral Quemado Basin and west of the El Cajon Basin was exhuming between 38 and 29 Ma (Coutand et al., 2001) . Unconformities within the Corral Quemado section (below the Corral Quemado [PS] Formation) indicate syndepositional deformation there since ca. 4 Ma as well (Muruaga, 2001 ; this study). Uplift of the Quilmes Range between the El Cajon and Santa Maria Basins is constrained by detrital AFT data that record the fi rst appearance of Quilmes-derived sediment in the El Cajon Basin at ca. 10 Ma (Mortimer et al., 2007; Pratt et al., 2008) ; this deformation could still be active. Growth strata within the Playa del Zorro Formation in the El Cajon Basin (Mortimer et al., 2007) and beneath the Tortoral (PS) Formation (this study) indicate intrabasin deformation since 10 Ma. West of the Angastaco Basin, AFT data indicate exhumation of the Eastern Cordillera by 18-20 Ma, progressing to Cerro Durazno by 7-12 Ma . Uplift and exhumation of the Sierra de los Colorados to the east of the Angastaco Basin began at 3.4-2.4 Ma based on paleocurrent and provenance data (Bywater-Reyes et al., 2010) and apatite (U-Th)/He thermochronology (Carrapa et al., 2011b) . The presence of growth strata and unconformities throughout the section indicates intrabasin deformation since 15 Ma. AFT data indicate exhumation of the Aconquija Range east of the Santa Maria Basin between 6 and 3 Ma . These data are summarized in Table DR 3 and presented graphically in Figure 5 .
Deformation recorded within the basins locally corresponds to the onset of Punaschotter deposition. Although the main deformation recorded by thermochronometers preceded deposition of the Punaschotter conglomerate in the Fiambalá and Corral Quemado Basins, local angular unconformities indicate renewed syntectonic activity at the time of the transition (Muruaga, 2001; Carrapa et al., , 2010 this study) . However, there is no correspondence within the El Cajon or Angastaco Basins, where growth strata indicate deformation since ca. 10 Ma (Pratt et al., 2008) and ca. 15 Ma (Carrera and Muñoz, 2008; Carrapa et al., 2011b) , respectively, and where the Punaschotter is transitional and conformable on the underlying Palo Pintado Formation (Carrapa et al., 2011a) . Finally, the contact between the Corral Quemado (PS) and underlying strata is conformable (Strecker et al., 1989) in the Santa Maria Basin; unconformities higher in the section indicate protracted deformation.
West-to-east propagation of deformation is documented in the eastern basins, with uplift proceeding from the Eastern Cordillera to Cerro Durazno and the Quilmes, to the Aconquija and Sierra de los Colorados Coutand et al., 2006; Deeken et al., 2006; Mortimer et al., 2007; Pratt et al., 2008) . However, in the Fiambalá and Corral Quemado Basins in the west, the origin of some intrabasin deformation at ca. 4 Ma signifi cantly postdates evidence for exhumation and major deformation in the adjacent ranges. It is not clear what caused this out-of-sequence deformation, although reactivation of structures within the wedge in order to maintain topographic taper, or changes in mass balance in the Puna Plateau related to lithospheric foundering are both possibilities. Strecker et al. (2009) noted the lack of correspondence between incision and deposition in marginal basins and distance from the plateau margin as well.
CAUSE: GLOBAL OR LOCAL ARIDIFICATION?
Alternatively, aridity and increased seasonality, driven either by global climate change or the growth of local orographic barriers, could explain the shift in sedimentary facies. Although alluvial fans can develop in a variety of climatic conditions (Dorn, 2009) , they are often associated with dry climate. Alluvial fans are characteristic of modern arid environments (e.g., Owen et al., 1997; Clarke, 2006) , possibly because arid regions are subject to more frequent large fl oods per small fl ood (Molnar et al., 2006) , with highly variable discharge favoring sediment gravity fl ows such as those that make up the Punaschotter conglomerates (Schumm et al., 1987) .
Evidence from climate proxies within the basins is shown in Figure 5 and compiled in Table DR4 (see footnote 1). Paleoclimatic interpretations based on sediment facies in the Fiambalá and El Cajon Basins suggest that aridity preceded Punaschotter deposition. Evidence includes large mud cracks, silicifi ed wood, and alluvial-fl uvial facies in the Fiambalá Basin , and gypsum associated with lacustrine deposition in the El Cajon Basin (Mortimer et al., 2007) . In these basins, aridity could have been the product of the development of orographic barriers as upwind ranges were uplifted, but phenomena such as expansion of the East Antarctic ice sheet invoked by Lamb and Davis (2003) to explain aridity in Chile at this time cannot be ruled out.
In the eastern basins, direct climate records demonstrate that Punaschotter deposition corresponds to the achievement of fully arid, seasonal conditions. The δ 13 C and δ
18
O data from the Puerta del Corral Quemado section indicate humid conditions prior to 8 Ma, with increasing aridity between 7 and 4 Ma and a sharp increase in aridity at ca. 4 Ma, with C 4 vegetation comprising up to 70% of plant biomass (Latorre et al., 1997) . In the Santa Maria Basin, δ 13 C data and the presence of calcic and silicic rhizoliths and authigenic clays suggest wet-dry seasonality between 5 and 7 Ma, whereas a period of relative humidity is recorded by an increase in C 3 plants between 3 and 5 Ma (Kleinert and Strecker, 2001) . Arid conditions, evidenced by δ In the Corral Quemado, Angastaco, and Santa Maria Basins, aridifi cation at ca. 6-7 Ma could correspond to concurrent worldwide changes in aridity and seasonality (Pagani et al., 1999) . This is particularly clear in the Angastaco Basin, where there is no evidence of an orographic barrier until after the onset of aridity (Bywater-Reyes et al., 2010) . However, orography could play a role in some basins, such as in Santa Maria, where the return to aridity at ca. 3 Ma has been attributed to uplift of the Aconquija to the east (Kleinert and Strecker, 2001) . Punaschotter deposition in many of these basins clusters at ca. 4 Ma. This could refl ect the time delay between the onset of aridity and the achievement of fully arid conditions, but it could also refl ect a relationship with the increase in climate variability at 4-3 Ma expressed in ocean records (Zachos et al., 2001) . These oscillations could cause landscape disequilibrium, enhancing erosion rates and potentially contributing to the change in sedimentary facies. This, combined with local deformation, can also explain more recent Quaternary deposits along the margin of the Puna Plateau .
SYNTHESIS: TECTONIC AND CLIMATIC CONTROLS ON SEDIMENTATION
Perhaps the most important fi nding of our study, based on new geochronologic data and compilation of regional structural and paleoclimatic data, is that both aridity/seasonality and structural deformation within the basin were necessary for Punaschotter conglomerate deposition. If arid conditions were already established, such as in the Fiambalá Basin (Fig. 5) , Punaschotter conglomerates were deposited whenever there was active deformation within the basin and presumed uplift of basinbounding ranges. In the opposite scenario, in which local deformation was ongoing, such as in the Angastaco Basin (Fig. 5) , Punaschotter conglomerate deposition did not begin until arid conditions were achieved. In the Corral Quemado and Santa Maria Basins, the onset of aridity, deformation, and Punaschotter deposition were approximately simultaneous (Fig. 5) . The origin of the conglomerates in the El Cajon Basin remains elusive, but better climate data could resolve the question (Fig. 5) . The simple explanation is therefore that climate and tectonics, working separately, are not enough; they must work in concert to provoke changes in sedimentary character. Although alluvial fans have been often associated with dry climate, fan deposition can develop in a variety of climatic conditions, and therefore alluvial fans are not diagnostic of aridity (Dorn, 2009 ). Our study shows, however, that aridity is an important and necessary factor controlling deposition of the Punaschotter conglomerate in NW Argentina. An interesting question is whether in some basins with a longer record of aridity (i.e., Fiambalá and El Cajon), earlier pulses of deformation could have or should have produced coarse, alluvial-fan, Punaschotter-type deposition. Our records of both deformation and paleoclimate, however, remain insuffi cient to answer that question at this time.
Not surprisingly, in exploring the question of whether climate or tectonics drives sedimentation and exhumation in and along the margin of the Puna Plateau, the answer is that both play a role and act together. Global climate oscillation and regional aridifi cation coupled with local tectonics, driven either by propagation of deformation through the area or a later reactivation, are critical. The formation of local orographic barriers could play a role in some, but not all, of the basins.
